Aims: The problem of automatic estimation of endothelial cell density from microscopy images in donor corneas was addressed. Methods: The spatial frequencies contained in digital endothelium images are extracted with a two dimension discrete Fourier transform (DFT) technique. A circular band in the DFT of the images is shown to contain the frequency information related to the cell density. An algorithm for reliably recovering this spatial frequency information and for extracting from it an estimate of endothelial cell density has been developed and implemented in a computer program. An evaluation was performed on a data set containing 100 donor corneas, by comparing automatic values with manual counts performed by three eye bank experts on two images for each cornea. Results: The mean difference of automatic densities v manual ones was 14 cells/mm 2 (0.9%), with a standard deviation of 119 cells/mm 2 (5.1%) and mean absolute difference of 92 cells/mm 2 (3.9%). The ANOVA based overall inter-rater reliability was 0.935. The algorithm was also capable of identifying all non-processable images. Running times were in the order of 1-2 seconds per image. Conclusion: A new algorithm was developed for the fully automatic estimation of endothelial cell density. The results of a clinical evaluation on 100 corneas suggest that it is capable of reliably estimating endothelium cell density in donor corneas.
M icroscopy images of donor corneal endothelium are commonly analysed at eye banks for the clinical assessment of cornea quality and suitability for transplantation. Images are usually obtained with a specular or standard optical microscope and quantitative analysis is performed by visual inspection of images. 1 To determine endothelial cell density experts commonly count all the cells inside a square reticle, which frames only a small fraction of the image, by either looking through the microscope eyepiece or at a printed image. Usually only 20-30 cells fall within the reticle and from this count the endothelial cell density for the whole cornea is extrapolated. This manual procedure is quite tedious, highly subjective, and error prone.
Since the availability of digital image acquisition devices and processing techniques, several prototypes aiming at the automatic extraction of cell contours and analysis of corneal endothelium have been proposed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, images are often blurred and noisy and a correct recognition of the contour of the cells is hard to achieve. Hence, all these systems may be classified as semiautomatic, as they require operator interaction to guide the process and correct errors: without tedious and time consuming manual editing, none of the proposed systems is able to obtain a reliable estimation of the quantitative indexes. For this reason, most of them did not go beyond the research prototype stage and, to the best of our knowledge, none is in routine clinical use at a significant number of institutions.
By observing some regularity in the endothelial cell pattern present in the images (fig 1) , given by the repetitive element of the difference between the dark cell bodies and the brighter intercellular space, we decided to address the problem in a simpler way-that is, in the frequency domain, and to avoid any complex contour recognition tasks. Masters first suggested the use of Fourier transform to analyse human corneal endothelial cell patterns 14 ; later on, authors from the same group showed that the Fourier analysis may in principle provide information on the cell size and thus cell density, 15 but did not provide any description of this relation or propose any methodology or technique to actually extract and use this information.
In this paper, we present a complete automatic system to estimate endothelial cell density by means of the Fourier analysis, and the results of its clinical evaluation on a data set containing 100 corneas.
MATERIALS AND METHODS
Images of corneal endothelium were acquired following the procedures normally used at Cornea Bank Berlin. Corneas were kept in hypotonic balanced salt solution (BSS) for a better microscopy visualisation of the endothelial cells by osmotic stimulation. Endothelial cell images were acquired before organ culture or after de-swelling in organ culture medium (minimum essential medium (MEM) with 2% fetal calf serum (FCS)) containing 6% dextran 5000, in order to have a low amount of folds of the Descemet membrane and a large area of endothelial cells in focus. Only corneas with clearly visible endothelial cells after osmotic stimulation were used for this study.
The framed area was 1256 mm 6 940 mm (area size 1 180 640 mm 2 ) and was located in the central zone of the cornea, to avoid bias in the cell density evaluation. 16 Images were acquired using an inverse phase contrast microscope (CK 40, Olympus Co, Japan) at 1006and 2006magnification (106 and 206 at the objective) and an analogue camera (SSC-DC50AP, Sony Co, Japan), and were then digitised by a personal computer with a frame grabber board (Meteor-II, Matrox Graphics Inc, Canada) as 8 bit grey level images at PAL resolution of 768 6 576 pixels (see, for example, fig 1) .
A spatial frequency analysis was applied to the acquired images by means of the two dimensional discrete Fourier transform (DFT). 17 This mathematical technique extracts from an image the information regarding the various spatial frequencies contained-that is, about the repetitive patterns present in the image. The magnitude of these frequency components can be represented as a second image: in figure 2 , the magnitude of the DFT of the image shown in figure 1 is displayed. Vertical and horizontal axes represent vertical and horizontal frequency components, respectively, and the magnitudes of these components are represented as grey levels (low magnitudes are darker, high magnitudes are brighter).
In figure 2 , it can be seen that the resulting image shows a specific type of pattern: a circular bright band around the origin can be observed. It indicates that the magnitude of frequencies has a peak in this circular region, being the DFT image here brighter than elsewhere. This may be interpreted as the image having the frequencies inside this band as dominant frequencies. The position of the band changes according to the analysed specimen. A comparison between endothelium images from different corneas shows that the radius of this band is monotonically related to the cell density manually estimated by eye bank experts. In figure 3 , two endothelium images are shown together with their DFT images: the image with higher cell density has the bright circular band with the larger radius and vice versa. Thus, the radius of the bright circular band, which represents the spatial frequency of the cells' repetitive pattern, is related to the cell density.
The presence of the circular band in the DFT images of corneal endothelium and its relation to the cell density can also be theoretically justified by the definition of the two dimensional Fourier transform and the central projection theorem. 17 Frequency content extraction As observed in figure 2 , the circular band in the DFT magnitude image is roughly circularly symmetric around the origin. The frequency content of the cell field can therefore be assumed to be approximately the same along any direction (horizontal, vertical, or diagonal) in the image. This is also confirmed by the anatomical knowledge that the corneal endothelium cell field has no directionality, and by the visual inspection of images, where no main direction can be detected. This assumption allows us to reduce the extraction of the frequency information from two dimensions to one. Thus, the recognition of a peak along any arbitrary direction in the DFT image would be sufficient to provide the frequency information. However, in order to increase the reliability of the density estimation procedure, a more robust radial peak analysis technique was developed.
A total of 500 concentric circular rings, with equally spaced increasing radii, were considered in the DFT image. For each ring DFT magnitudes inside the ring were considered, their statistical distribution was derived, and the maximum value for each ring was determined. These 500 values of DFT magnitudes, one for each ring, were represented as a one dimensional ''frequency signal,'' a representative example of which is shown in figure 4 .
This frequency signal represents the maximum DFT magnitude in each ring (vertical axis) as a function of the increasing radii of the rings (horizontal axis), which represent the spatial frequencies. By analysing this signal, two peaks are clearly identifiable, which indicate that two significant components are present in the frequency content of the image. The first peak (positioned at low frequency) is roughly related to the slow grey level variations in the image, most likely because of variation in image illumination and/or to endothelium layer folding; the second peak (positioned at higher frequency) is related to the frequency of the repetitive cell pattern, and thus to cell density. The second peak is thus the one we are interested in, and the spatial frequency value f 9, [1/pixel], at which it is positioned contains the information about the cell density. The height of the peak does not contribute to the analysis, whereas the width of the peak represents the spreading of frequencies around the peak frequency, which is related to the degree of variation of density across the area under analysis. The cell density d corresponding to the estimated spatial frequency f 9 is:
where c (pixel/mm) is the linear spatial calibration factor of the instrument and camera system.
Identification of non-processable images
The algorithm described above is fully automatic and does not require any user intervention. In order to be reliably used in a clinical environment, however, it should be capable of assessing when the quality of the acquired image is not adequate to derive a correct estimation of cell density, so as to discard the image and not provide for it any density estimation. An analysis was performed on some images, which were judged of poor quality by eye bank experts because of the presence of wide unfocused regions, artefacts, or any other reason that prevented most of the cell borders to be clearly detected. For these reasons, these images had also been classified as unsuitable for manual cell counting by eye bank experts. The application of the radial peak analysis to these images produced a frequency signal with more than two peaks ( fig 5) : four to five peaks were most often present in the signal. The presence of multiple peaks (that is, more than two) was thus correlated with the poor quality of the image. The algorithm described above was modified to recognise this particular situation and to provide a ''non-processable image: no density available'' warning.
The whole algorithm was implemented in the C++ computer language and run on a personal computer.
Clinical evaluation
digital images for each cornea (framed area 628 mm6470 mm) were acquired from different central areas of the donor corneas (see Methods). Images with good cell visibility were used. By observing these latter images on a computer monitor and selecting a rectangular ROI (region of interest) occupying approximately 50% of the acquired image, visible cells were manually counted by three experienced investigators, for a total of 600 estimations. Only cells with clearly visible borders and entirely within the ROI, or touching one of two connected borders, were counted.
From the endothelium central zone of each of the same 100 donor corneas, several 1006 digital images were also acquired. One image for each cornea, with the largest area of clearly visible cells, was chosen as the representative image for that cornea and automatic density estimation was performed by the proposed algorithm. The accuracy of these estimated densities was evaluated by direct comparison with the reference values.
Identification of non-processable images was also tested on the set of 1006 images. For each cornea, all acquired 1006 images were processed with the proposed algorithm and the capability of identification of poor quality images was evaluated.
RESULTS
The results of this clinical evaluation are reported in table 1. Manual results are shown for each expert as the average between his/her estimated densities on the two 2006 images for each cornea; the average between these experts' means, also reported, is used as reference density. Ranges of variation of manual densities by the three experts on the same corneas were computed: the average range of variation among single densities was 203 cells/mm 2 figure 6 a scatter plot of these densities is shown.
To display the extent of agreement, a plot of difference v mean for each pair of manual and automatic densities is shown in figure 7 , with three lines indicating the average difference and the 95% limits of agreement. 18 The overall inter-rater reliability, 19 obtained by an analysis of variance (ANOVA) including both the three human experts and the program, was 0.935. In order to statistically assess the agreement between the single human experts and between the manual reference (experts' average) and the program, ratios of estimated densities were computed. Their summary statistics are reported in table 2: the average of the ratio between manual reference and program is 1.009, with a 95% confidence interval of 0.999 to 1.019.
Finally, during the evaluation study a total of 393 1006 images on the 100 corneas were acquired, many of them purposely out of focus. The program was able to detect all the poor quality images and provide for them a ''nonprocessable'' warning, whereas in all the others the density was correctly estimated.
Automatic density estimation on a mid-range personal computer (Intel Pentium 4 CPU with 512 Mb RAM) required between 1 and 2 seconds of CPU time for each image. 
DISCUSSION
We developed and implemented a new algorithm for the automatic estimation of corneal endothelium density in donor corneas at eye banks. Noting the regularity of the endothelial cell pattern, we adopted the Fourier analysis to extract the main frequency of this pattern, from which an estimate of cell density was derived. An evaluation of the proposed system was performed to assess its clinical reliability. The main problem of this analysis was the lack of reference values, against which the automatic results were to be compared. We chose as such the results of the manual analysis independently performed by three clinical experts in two different central regions for each cornea. The resulting manual density values were, however, affected by many confounding factors: various types of errors that human experts perform during the counting procedure (inter-expert differences), and the extrapolation of cell count done in a small ROI to the whole central region of the cornea, which is critical because of the physiological variation of endothelium density in different areas of the cornea. 16 20 It should also be noted that the manual counting procedure used here provided more accurate results than the conventional procedure adopted at most eye banks, where all cells inside a small 100 mm6100 mm graduated reticle are counted and the resulting value (between 15 and 40 cells) is then multiplied by 100 to obtain cell density as cells/mm 2 . The variability of manual counts on the same cornea we obtained (mean 203 cells/mm 2 (8.6%), maximum 547 cells/mm 2 (22.8%)), which may be assumed as a statistical estimate of the error associated with the counted value, should thus be considered an optimistic lower limit to the ranges/errors commonly observed at eye banks. As a matter of fact, significantly larger variations were recently reported, with differences of up to 51% between technicians of the same eye bank and of 82% between technicians of different eye banks. 21 Even if the density provided by this approach is only an estimation of the one yielded by a more accurate system, hypothetically able to correctly recognise the contour of each single cell, the results of the clinical evaluation showed a remarkably good agreement between automatic and manual densities: the average difference is less than 1% and the maximum absolute difference on all corneas is less than 16%. These results are comparable with the ranges of variation of manual densities and much lower than those reported in other studies. 21 The ratios between automatic densities and manual references have a very narrow 95% confidence interval, including unity. These results statistically confirm the remarkably good agreement between automatic and manual densities. Obtaining the density values by analysing an endothelium area more than 100 times larger than the one conventionally used for manual count is definitely more robust against local variations of density and local artefacts of various origin. Moreover, since the density can be automatically estimated in a very short time, multiple estimations in different areas of the central region of cornea can be quickly performed and an average value that minimises possible biases can be obtained.
The proposed system is fully automatic. Only the selection of the images to be processed is done by the user, who can visually assess the quality of the image and avoid running the program if it is clearly out of focus or heavily corrupted by artefacts. However, the capability for an automatic program to detect by itself bad-that is, non-processable, images is certainly a desirable feature. The system proved to be quite robust against folds and other artefacts, which in most cases did not prevent it estimating a correct cell density. On the other hand, in some instances it appeared to be sensitive to out of focus images, where it exhibited additional peaks in the frequency signal. In order to recognise these specific situations, we developed a custom analysis, which proved able to identify all the non-processable images.
In summary, the proposed automatic system appears to be adequate to replace the much slower, more cumbersome, and error prone manual density evaluation of endothelium density. Since other proposed systems are at most semiautomatic and require considerable user interaction, this is the only viable fully automatic alternative to the manual procedure. The objective and fully reproducible results this system can provide may foster its adoption as a standardised procedure, through which corneas within and between eye banks can be reliably assessed and quantitatively compared. Table 2 Summary statistics of the ratios of estimated densities between the three human experts (''Exp 1,'' ''Exp 2,'' ''Exp 3'') and between the program (''Aut'') and the experts' average (''Man'') For each ratio, mean, standard deviation (SD), minimum and maximum values, and 95% confidence interval are reported.
